The deformability of human fingers is central to addressing the real-life hazard of finger jamming between the window and seal entry of a power-operated motor vehicle side door window. The index and little fingers of the left hand of 109 participants and of 20 cadaver specimens were placed in a measurement setup. Participants progressively jammed their fingers at five different dorsal-palmar jam positions up to the maximum tolerable pain threshold, whereas the cadaver specimens were jammed up to the maximum possible deflection. Force-deflection curves were calculated corresponding to increasing deflection of the compressed tissue layers of the fingers. The average maximum force applied by the participants was 42 N to the index finger and 35 N to the little finger. In the cadaver fingers, the average of the maximum force applied was 1886 N for the index finger and 1833 N for the little finger. In 200 jam positions, 25 fractures were observed on radiographs; fractures occurred at an average force of 1485 N. These data assisted the development of a prototype of a bionic test device for more realistic validation of power-operated motor vehicle windows.
Introduction
Modern motor vehicles are increasingly equipped with automatic power-operated windows with closing force restriction [ 2 ] in which a Hall sensor measures the speed of the window motor and registers resistance if the rotation frequency changes. The system must recognize within a few milliseconds whether there is an object caught between the window glass and the seal in a safety gap opening from 200 to 4 mm or whether there is merely stiffness in the guidance of the glass or another disturbance. This allows the closing of a window to be stopped immediately and the window to be lowered if an object is caught in the safety gap. Also, the window closing force should not exceed a limit of 100 N specified by various international guidelines [ 1 , 9 ] . Closing force restriction systems are subject to legal requirements and must be validated with a test device. At present, closing force restriction is gauged at small dimensions using a simple steel rod with a 4-mm diameter, which is inserted in the gap between the window and seal entry during window validation. However, a small steel rod reproduces neither the variable diameter nor the elasticity of a human finger [ 6 ] . Additionally, no special test device exists for children ' s fingers, which are particularly at risk for serious injury in motor vehicle power windows.
In this experimental study, we first measured deflection and the corresponding force on participants ' index and little fingers at five different dorsal-palmar jam positions up to the maximum tolerable pain threshold. Then, we measured deflection and force up to the maximum deflection and/or the respective point of fracture in human cadaver fingers. These data assisted the construction of a prototype of a bionic test device that closely reproduces and measures the real-life hazard, particularly for children, of finger jamming between the window and seal entry of a power-operated motor vehicle side door window.
Materials and methods
The girths of the proximal (PP), middle (MP), and distal (DP) phalanxes and of the proximal (PIP) and distal (DIP) interphalangeal joints of both the index and little fingers of the left hand of 109 participants (60 men, 49 women; median age, 33 years; range, 18 -57 years) and of 20 cadaver hands (14 women, 6 men; median age, 81 years; range, 57 -88 years) disarticulated at the wrist were measured using a measuring tape. Diameter was calculated from girth, which was assumed to be circular.
To measure finger deflection and corresponding force, a modified drilling-milling machine (Bohr Fräsmaschine Opti BF 20 Vario, Optimum Maschinen, Germany) was used, which was disconnected from the main voltage. A 4-mm-wide aluminum plate was bolted vertically to the hollow shaft and a corresponding aluminum plate was attached to the milling table in a bench vise. The shearing edges of the aluminum plates were rounded as in a normal motor vehicle side door window to avoid skin injuries. An electrometric path sensor (burster, type 8712-150, Gernsbach, Germany) and a subminiature force sensor (burster, type 8432-2000, Gernsbach, Germany) were connected to a computer (Dewetron, DEWE-5000, Grambach, Austria).
In the first part of the study, each participant placed his or her left hand, palm up, on the mounted bench vice with a finger placed in one of the five jam positions ( Figure 1 ) . Figure 2 shows the different finger jam positions: 1, flexion crease of the PP; 2, flexion crease of the PIP; 3, center of the MP; 4, flexion crease of the DIP; 5, center of the DP. Data recording was started on the computer. Using the star grip, each participant moved the shaft down with the right hand, jamming a finger between the two aluminum plates in order to reach his or her maximum tolerable pain threshold within 10 s. All participants gave informed consent, and the study was approved by the relevant Ethics Committee (Bavarian Ethics Committee) and conformed to the Declaration of Helsinki.
Figure 1
The participant moves the shaft down with the right hand by the star grip and jams his left index finger between the two aluminum sheets until the maximum subjectively tolerable pain level is reached. In the second part of the study, the index and little fingers of the cadaver specimens were placed, palm up, on the mounted bench vice with a finger placed in one of the five jam positions corresponding to the participants ' measurements. The index and little fingers in ten randomly chosen hands were jammed at the PP, MP, and DP, and in the other ten hands, at the PIP and DIP. One of us used the star grip and moved the shaft down within 10 s, jamming a finger between the two aluminum plates until reaching the maximum possible deflection. Radiographs in two standard planes were obtained of all cadaver fingers to detect fractures. Table 1 includes the average finger size measurements of participants and cadaver specimens.
Force and deflection values were sampled at a frequency of 100 Hz and the data were digitally recorded with software. Force-deflection curves were calculated from the data using the Matlab Ezyfit Toolbox (Matlab R2007b, MathWorks, MA, USA). Custom code was used to generate interpolated force-deflection curves of all participants and cadaver specimens. Due to the J-shaped curve progression, the power function ansatz f ( x ) = a × x b + c was used for curve fitting, with the parameter c always equal to 0.
Using the data from participants and cadaver specimens, a prototype of a bionic test device was developed for more realistic validation of the hazard that automatic power-operated motor vehicle side door windows pose, particularly for the fingers of children (Figure 3 ). Ethical reasons rule out obtaining jam measurements from child participants, and child cadaver specimens are scarce. Therefore, we used adult participant and cadaver data for the production of a silicone hand with the dimensions of a 6-year-old child ( Table 1 ) , which were obtained in a previous study [ 2 ] . Inside each finger, pressure sensors were embedded in a special silicone mantle. The elastic properties of the silicone mantle were chosen in such a way as to accommodate a compression force of approximately 140 N, which approximates the 100 N statutory limit for closing force. The elastic properties of the silicone of the middle and ring fingers correspond to those of the index finger, assuming that the sizes are nearly equal. 22.0 ± 1.9 22.1 ± 2.0 22.0 ± 1.9 24.5 ± 11.9 16 18.7 ± 1.8 18.7 ± 1.8 18.6 ± 1.7 18.0 ± 1.8 13 Diameter PIP (mm) 20.9 ± 1.8 22.1 ± 1.3 19.4 ± 1.0 21.3 ± 1.9 15 17.9 ± 1.6 18.9 ± 1.1 16.6 ± 0.9 17.7 ± 1.6 13 Diameter MP (mm) 18.5 ± 1.6 18.6 ± 1.7 18.5 ± 1.6
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Figure 3
Bionic test device for more realistic validation of automatic power-operated motor vehicle side door windows.
In the third part of the study, the index and little fingers of the bionic test device were jammed at the five different jam positions in the same manner as described above; force and deflection values were sampled, and force-deflection curves were calculated.
To evaluate the prototype, data from the device and the participants were compared. Conformity of forcedeflection curves of the bionic test device to those of participants was determined using confidence intervals from mean force values at 0.3-mm intervals of deflection at every jam position. Curves were in conformity where the force values at 0.3-mm intervals of deflection of the bionic test device fell within the respective 95% confidence intervals of mean force values at 0.3-mm intervals of deflection at every jam position. Cadaver and bionic test device force-deflection curves were not comparable due to the greater distances measured by the subminiature force sensor and the higher forces applied to the cadaver fingers. Table 2 shows the mean and standard deviation values of force and deflection at every jam position. The average maximum tolerable steadily applied force of the participants was 42 N for the index finger and 35 N for the little finger. No participant reported complications during and after finger jamming. In the cadaver specimens, the average maximum force was 1886 N for the index and 1833 N for the little finger. In 200 cadaver jam events, 25 fractures were observed on radiographs. Table 3 shows the distribution of the fractures and the respective force and deflection values at the point of fracture. Twenty-four fractures were observed at the phalangeal jam positions, one at an interphalangeal joint jam position. One index finger DP and one little finger DP were completely amputated. Fractures occurred at an average force of 1485 N.
Results
All force-deflection curves showed J-shaped progression and represented increasing deformation across the compressed tissue layers of the finger. Figure 6 A point to the peaks of the raw data curves, which correspond to the points of fracture of the PP, MP, and DP. Fractures were not observed at the PIP and DIP jam positions of the little finger of the specimen, which is confirmed by the J-shaped progression of the curves without a peak until maximum compression ( Figure 6 B) .
Figures 7 A and 7B show raw data and interpolated force-deflection curves of the bionic test device ' s index and little fingers. The J-shaped progression of the curves shows the continuous silicone compression. The incompressible metallic pressure sensor inside the silicone mantle accounts for the vertical slope at the curves ' ends.
The size of the confidence intervals and, thereby, the variability of the participants ' force-deflection curves increased with increasing deflection. Although the force-deflection curves of both the participants and bionic test device looked approximately the same, conformity by confidence intervals was only partial. At the DIP jam position of the index finger, force values of the bionic test device fell within the confidence intervals of the participants at two of eight points, and for the MP jam position, at five of 12 points of the measurement. No conformity was observed for the DP, PIP, and PP index finger jam positions. For the DP jam position of the little finger, force values of the bionic test device fell within participant confidence intervals at two of eight points; for the DIP jam position, at one of six points; and for the PIP jam position, at one of nine points of measurement. No Table 2 Maximum force and deflection values at every jam position (mean and standard deviation for participants and cadaver). 
Discussion
This study is the first experimental investigation generating force-deflection curves of human fingers up to the subjective maximum tolerable pain threshold of participants and, similarly, of cadaver fingers -both undertaken to develop a prototype of a bionic test device to closely reproduce and measure the real-life situation of finger jamming between window and seal entry of a power-operated motor vehicle side door window. The force-deflection curves obtained in the dorsal-palmar direction at five different jam positions of the index and little fingers display characteristic nonlinearity, the increasing slope of which corresponds to increasing deformation across three compressed major layers or elastic elements of the finger: skin and subcutaneous fat, tendons, and bone or joint. While fractures that correspond to a severe finger jamming injury EWG at which closing force restriction is disengaged. The need for more realistic validation of automatic poweroperated motor vehicle side door windows thus motivated our development of a prototype of a new bionic test device that closely reproduces and measures real-life hazard, particularly for children. The dimensions of the device are those of an average 6-year-old child ' s fingers. At an average of 70% of the size of adult fingers, these dimensions approximate those of an adult closely enough that adult data could assist the design of the device. Kent et al. [ 7 ] measured force and displacement tolerances for pinch loading of the bones and joints of human digits. Dynamic (54 mm/s) pinch loading was applied in a dorsal-palmar direction to all digits on matched pairs of hands from eight adult human cadavers. Opposed 3.1-mm-thick, 1.0-mm radius of curvature aluminum pinching surfaces were used to represent the geometry of moving surfaces in an automobile such as doors, lift gates, or window edges. Injury timing was determined were observed at an average force of 1485 N in cadavers, and only 25 fractures were observed in 200 jam events, one fracture occurred at a force as low as 467 N, and we emphasize that serious finger injuries -even if they are not fractures -could occur above the subjective maximum tolerable pain threshold but below the 100 N closing force limit for power-operated windows. In January 2009, the National Highway Traffic Safety Administration in the US reported around 2000 injuries and five fatalities caused by automatic power-operated window systems [ 10 ] . Since 2005, the National Consumer Affairs Center in Japan has documented 23 finger injuries caused by the closure of power windows in motor vehicles [ 8 ] . Upon closing, a force of up to 500 N (corresponding to a weight of 50 kg) can be generated by the electric motor of the window lifter. Children are particularly at risk for serious injury in motor vehicle power windows due to seal designs [ 6 ] that allow a larger actual gap than the minimum statutory distance of 4 mm specified by the European guideline 74/60/ using acoustic sensors. The applied force and the distance between the pinching surfaces at the time of an acoustic burst were recorded. The force tolerance ranged from 245 N for the DP of the little finger to 1155 N for the MP of the index finger, with a general trend toward increasing force tolerance for more proximal anatomical structures. The distance between pinching surfaces (gap) at the time of and loading sites. The tests would indicate that moving surfaces with geometry used in their study would not be expected to injure a digit if the opposing surfaces come no closer together than 35% of the digit ' s dorsal-palmar dimension.
Paridon and Mauser [ 11 ] studied deformability up to the subjective pain threshold of the index, middle, and ring fingers at the middle of the phalanxes and the knucklebones of 12 participants using a caliper gauge. The authors found the highest deformability at the lower phalanx and the lowest at the knucklebone. In our study, the highest deflection occurred for both the index and little fingers at the DP, whereas the smallest deflection was observed at the PIP of both fingers.
In a previous study of ours with the same 109 volunteers who participated in this study, we determined entrapment forces acting on the participants ' fingers at the subjective maximum pain threshold during entrapment between the window glass and seal entry of a motor vehicle side door [ 3 ] . The maximum bearable entrapment force was 97.2 N for the PIP of all triphalangeal fingers, 43.4 N for the index PIP, and 36.9 N for the index DIP. A positive correlation between finger diameter and maximum entrapment force was observed. Experimental determination of the point of onset of real finger injury in a jam event is obviously not possible.
In another previous investigation, we studied hands from 10 female cadaver specimens, which were disarticulated at the wrist and fixed in a special jig on the inside of a current motor vehicle side door [ 4 ] . Three different hand positions chosen to simulate real events in which a finger is jammed between the glass and seal entry of the window of a current motor vehicle side door were examined. The index, middle, ring, and little fingers of each hand were separately jammed both at the PIP and DIP at closing forces of 300 and 500 N with a constant window glass closing speed of 10 cm/s. These forces and the closing speed are representative of those of current motor vehicles. At 300 N, contusion marks of the skin, palmar joint instabilities, and superficial skin lesions occurred, whereas at 500 N, superficial skin lesions, superficial and deep open crush injuries, and fractures were observed.
In the current study, we observed fractures upon jamming at an average of 1485 N. The lowest force at the point of fracture was 467 N. The force applied to the cadaver phalanges and joints was a point load, whereas in our previous cadaver study [ 4 ] , bending forces caused fractures at 500 N closing force with a constant window glass closing speed of 10 cm/s. These results do not exclude the possibility that finger lesions such as neurapraxia of the digital nerves or lymphedema could occur at a significantly lower closing force. Additionally, we are confident that children are particularly at risk of severe finger injuries at a lower closing force.
A further study we conducted emphasizes this point. Although ethical considerations rule out experimental study of children, we were able to determine the elastic resistance and the point of onset of bone/joint deformation at each of five different jam positions of an unembalmed finger that recently had been surgically removed from an 8-month-old polydactyl girl ' s finger [ 5 ] . The mean force at the point of onset of bone/joint deformation was 78.4 N. If a bone/joint deformation of a child ' s finger occurs at 70 -80 N during jamming, which corresponds to a severe injury, it can be assumed that in a real jam event, soft tissue injuries could occur with significantly less closing force.
Our study has several limitations. Understandably, neither living children nor child cadavers are available for measurements such as those described in this study. Nevertheless, the risk that current power-operated window designs present to children is sufficiently high that it compels the use of relevant data available from adults. The subjective pain threshold of the adult participants showed large variance, one contributor to which may have been participant anxiety. Furthermore, it is possible that pain adaptation could have occurred during consecutive finger jamming at different jam positions, which also might have influenced our results. Although the fingertip has the highest density of sensory nerve endings, the participants applied less force at the PP and the DIP than at the fingertip. It is possible that the fingertip is less sensitive to pain due to pain adaptation to daily stress. But we certainly cannot explain why the participants applied more force at the DP than at the PP and DIP. We did not consider time dependence. Although each participant was instructed to reach his or her maximum tolerable pain threshold at each jam position within 10 s, the duration of jamming was not otherwise documented. It is possible that a fixed rate of force application during finger jamming might have led to different force-deflection curves, but we do not expect that such curves would differ markedly from the more experimentally (and ethically) feasible procedure in which participants were allowed to move the star grip of the modified drilling-milling machine by themselves. Finally, only cadaver specimens of the elderly were available. Whether different force-deflection curves would have resulted from younger specimens, especially those of children, could not be resolved. Age could have an impact on the incidence of fractures due to the relatively poorer bone quality of the elderly, in whom bone fracture is more probable than in the young, although we cannot explain why only 25 fractures occurred in 200 jam positions and why there were two amputations. It can be assumed that a fracture/amputation is related to the bone quality and thickness of the bone, but we did not find a correlation between fractures and dimensions of the fingers.
This prototype constitutes a promising first step toward the development of a test device that greatly improves upon the existing simple steel rod by allowing realistic simulation of the behavior of a real hand in the validation of automatic power windows. We are working on further improvement of bionic test devices to better assess and reduce the risk of jamming injuries, particularly to children, posed by power-operated windows.
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